The transverse asymmetry (sidedness) of phospholipids in plasma membrane bilayers is well characterized, distinctive, actively maintained and functionally important. In contrast, numerous studies using a variety of techniques have concluded that plasma membrane bilayer cholesterol is either mostly in the outer leaflet or the inner leaflet or is fairly evenly distributed. Sterols might simply partition according to their differing affinities for the asymmetrically disposed phospholipids, but some studies have proposed that it is actively transported to the outer leaflet. Other work suggests that the sterol is enriched in the inner leaflet, driven by either positive interactions with the phosphatidylethanolamine on that side or by its exclusion from the outer leaflet by the long chain sphingomyelin molecules therein. This uncertainty raises three questions: is plasma membrane cholesterol sidedness fixed in a given cell or cell type; is it generally the same among mammalian species; and does it serve specific physiological functions? This review grapples with these issues.
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| INTRODUCTION
An enormous amount is known about cholesterol. [1] [2] [3] [4] It is the single most abundant molecular species in animal cell plasma membranes and an essential component thereof. It amounts to roughly 40 mol% of the total lipid in plasma membranes (corresponding to a molar ratio of~0.8 cholesterol per phospholipid); see, for example, Refs. 5-8. It is therefore striking that, despite many investigations, its distribution between the two leaflets of the membrane remains uncertain. This review attempts to understand this quandary.
| The asymmetrical phospholipid bilayer
The fundamental organizing feature of biological membranes is the lipid bilayer. It is primarily composed of an inexplicably diverse population of phospholipids that support a variety of other amphipathic moieties; in particular, glycosphingolipids, sterols and lipid-anchored proteins. [9] [10] [11] The major classes of animal cell plasma membrane phospholipids are asymmetrically disposed between the two leaflets of the bilayer. The outer leaflet is dominated by uncharged (zwitterionic) phosphatidylcholine and sphingomyelin with small amounts of neutral and anionic glycosphingolipids, while the inner leaflet is strongly negatively charged due to the presence of phosphatidylserine, phosphatidic acid and phosphatidylinositol and its phosphorylated derivatives. [12] [13] [14] [15] [16] [17] The fatty acyl and ether chains in the outer leaflet are somewhat more saturated than those in the inner leaflet. This asymmetry is maintained by ATP-driven flippases that pumps the anionic species from the outer to the inner leaflet. 18, 19 The phospholipids, with their polar head groups, diffuse back down their chemical gradients across the bilayer with half-times of hours or days. 20 These constituent plasma membrane gradients are relaxed by the activation of the phospholipid transport protein, scramblase. 21 The consequent transfer of inner leaflet phosphatidylserine to the cell surface, in particular, serves as a pathophysiological signal in processes such as apoptosis and blood coagulation. 19 
| Bilayer sterols
Sterols interact variously with the phospholipids, forming complexes with differing stoichiometries. 22 These associations drive the condensation of bilayers, increasing their molecular order, thickness, solute impermeability, mechanical strength and rigidity as well as fostering lateral inhomogeneities (phase separation, microdomains and rafts); presumably, the phospholipids also contribute to sterol transverse asymmetry; for illustrations, see. 3, [23] [24] [25] [26] [27] The disposition of sterols in bilayers has been studied in detail. 4, 28, 29 In particular, their behavior shows stereochemical preferences optimized by molecular evolution. 1, 30, 31 Direct associations with cholesterol also affect the properties and functions of integral membrane proteins. 32, 33 Because they bear such a small polar head group-a single hydroxyl moiety-sterols dissolve in the phospholipid stratum and readily move between the leaflets. 20 The rate of flip (by which we mean transbilayer diffusion in either direction) has been too fast to determine for plasma membranes at physiological temperatures, but it appears to proceed on a time scale of less than a second. 34, 35 Indeed, physical studies on synthetic vesicles and molecular dynamics simulations suggest that cholesterol crosses the bilayer with a time constant on the order of microseconds. [36] [37] [38] [39] [40] [41] However, these kinetics tell us nothing about the equilibrium distribution of sterols across the bilayer.
| Cholesterol sidedness
As previously noted, the literature is contradictory as to the distribution of cholesterol between the bilayer leaflets. 17, 42 Some cholesterol may also occupy the inter-leaflet midplane of the bilayer. 20, 36, 43 Different mechanisms have been suggested to account for these distributions. Cholesterol affinity differs among phospholipids. 22, 44 It follows that transbilayer cholesterol asymmetry could simply be governed by its differential association with the different phospholipids in the two leaflets. 22, 44 In principle, the difference in free energy between an even distribution of cholesterol and a 4:1 asymmetry in either direction would be ΔG o~8 00 cal/mol. This is within the range of free energies for the binding of cholesterol to different kinds of plasma membrane phospholipids. 44 The preferential association of the sterol with sphingomyelin and phosphatidylcholine, both enriched in saturated chains, could thus drive its accumulation in the outer leaflet. 15, 31, 45, 46 On the other hand, it has been suggested that both phosphatidylethanolamine and phosphatidylserine draw cholesterol to the cytoplasmic leaflet. 47, 48 Furthermore, as detailed below, long chain sphingomyelin molecules might drive the partition of cholesterol to the inner leaflet by yet another mechanism. 49 It has also been suggested that active transport -cholesterol pumping -could maintain a steep gradient against its passive backflow. 50, 51 Finally, many integral membrane proteins bind sterols. 52 However, even if all the plasma membrane integral proteins did so, their overall molar abundance would be insufficient to sequester an appreciable fraction of the sterol. 53, 54 The conflicting reports for the transbilayer distribution of cholesterol presumably reflect the challenges inherent in making such determinations, the disparate approaches employed and, possibly, differences in the membrane systems studied. Furthermore, some techniques and experimental conditions might determine the outcome by perturbing the transmembrane distribution. We shall critically consider these and other factors in the hope of clarifying this vexed issue. Recently, a related freeze fracture study of plasma membrane bilayer phospholipid asymmetry gave excellent results. 16, 17 In those studies, the area density of gold-labeled lipid-specific probes on the two hemi-membranes was determined by immunoelectron microscopy, rather than the more difficult chemical analysis of cholesterol employed by Fisher. In an earlier study, mCherry-D4 was expressed in CHO cells to probe the cytoplasmic leaflet of their plasma membranes. 48 In agreement with Liu et al, that study found that this D4 construct did not bind at the cytoplasmic surface. However, binding was observed when the cells were enriched to boost the level of inner leaflet cholesterol above its threshold. A similar study of unmodified HeLa cells undergoing cell division reported robust staining of the inner plasma membrane surface with the mCherry-D4 probe. 63 (We suggest that these differences could reflect small variations in plasma membrane cholesterol around its critical threshold level.) The cytoplasmic surfaces of murine macrophage-like cells were also well stained by the D4 derivative, D434S, that requires membrane cholesterol concentrations greater than 35 mol%. 48, 64, 65 Taken together, the findings from these other laboratories suggest that the cytoplasmic leaflets of various plasma membranes may well contain substantial cholesterol but, at least sometimes, at an availability below that in the outer leaflet (~40 mol%).
| Filipin binding
What accounts for the discrepancy between these findings and those of the recent study by Liu et al Another surprising conclusion by Liu et al is that the inferred 10-fold gradient in cholesterol is maintained by the ATP-binding cassette translocators, ABCA1 and ABCG1. 51 This premise has precedent: it had previously been concluded that P-glycoprotein pumps bilayer cholesterol from the inner to the outer leaflet. 50 Furthermore, it has been suggested that the ABCG5/ABCG8 complex performs such a function in hepatocyte canaliculi. 67 However, there is no direct evidence that ABCA1 or ABCG1 actually flips cholesterol. [68] [69] [70] A major concern with this hypothesis is that cholesterol diffuses rapidly across the bilayer, so that the cells would have to work hard to maintain a 10-fold gradient against rapid passive back-flux. A rough calcu- Several such studies in different cell systems reported that almost all the plasma membrane DHE was quenched when TNBS was allowed to permeate the cells, but only~20% of the fluorescence was quenched under non-penetrating conditions. This suggested a substantial bilayer sterol asymmetry favoring the inner leaflet. 76, 77 In one study, 28% of the plasma membrane DHE was found to be exofacial in cells grown in a lipid-free medium; however, greater than 70% of the DHE was surface-exposed in cells cultivated with polyunsaturated fatty acids. 78 Once again, we see evidence that plasma membrane sterol asymmetry may not be fixed, but, rather, conditional.
This group later used a variation of this technique to assess transbilayer sterol asymmetry in synaptic plasma membrane vesicles. The vesicles were isolated, trinitrophenylated or not while still sealed, then osmotically lysed and equilibrated with DHE for the fluorescence quenching assay. 79, 80 Trinitrophenylation reduced membrane fluorescence by a minor fraction, again suggesting a preponderance of DHE (hence, cholesterol) in the unquenched cytoplasmic leaflet. Subsequent studies analyzed the vesicles of synaptic plasma membranes from mice suffering from various pathophysiological conditions: aging, chronic ethanol ingestion, statin treatment and the expression of apolipoprotein E4, a risk factor in Alzheimer's disease. 81 These conditions were all seen to shift the membrane sterol to the exofacial leaflet.
[A recent molecular dynamics simulation predicted that such an outward shift in the transbilayer distribution of cholesterol would increase the exposure to the extracellular space of the Aβ42 peptide, a potential promoter of fibril formation in Alzheimer's disease. 82 ] The possibility that the membrane isolates in these ambitious studies did not retain their native sterol asymmetry during their isolation or trinitrophenylation should be considered.
| Quenching membrane dehydroergosterol with noncovalent agents
Aqueous solutions of TNBS as well as impermeable membraneintercalated quenchers were more recently used to quantify the accessibility of two fluorescent cholesterol analogues, DHE and cholestatrienol (CTL), at the surface of intact CHO cells. 83 After correction for incomplete quenching, it was concluded that 60% to 70% of these cholesterol surrogates resided in the cytoplasmic leaflet. In contrast, liposomes bearing phospholipids representing either the inner or the outer leaflet of the plasma membrane showed 50% quenching of the fluorophore; that is, the expected symmetrical sterol distribution.
| DHE quenching in yeast
In a recent study, the natural ergosterol in an auxotroph of Saccharomyces cerevisiae was completely replaced by dehydroergosterol (DHE), enabling the surface accessibility of the sterol to be determined with impermeant fluorescence quenchers, as described above. 75 An exhaustive study suggested that~70% of cellular DHE was located in the plasma membrane and~80% of that resided the inner leaflet thereof, in agreement with the aforementioned studies using the DHE quenching approach. This analysis took into account both the incomplete quenching of accessible DHE and the (inaccessible) intracellular pool which would otherwise be scored with the cytoplasmic leaflet.
Probing the mechanism underlying the observed asymmetry, the authors found that metabolic energy was not required over the short term. On the other hand, inhibiting the biosynthesis of sphingolipids reduced the plasma membrane sterol asymmetry significantly, a finding consistent with the study by Courtney et al discuss below. 49 The transbilayer disposition of other phospholipids also appeared to contribute to the distribution of the sterol, given that its native asymmetry was relaxed by deleting the three phospholipid flippases in this organism.
The authors studied sterol sidedness in logarithmically growing S. cerevisiae. It would be interesting to extend the analysis to the entire growth cycle, because the phospholipid composition of the outer leaflet of the plasma membrane of a closely related strain, Saccharomyces carlsbergensis, changes significantly over this period. ). The need for a high purity of DHE has been stressed. 74 Controls must be employed to correct for incomplete quenching and the entry of quenchers into the cytoplasmic space. One of the membraneimpermeable quenchers employed, 1-palmitoyl-2-(4-doxyl)stearoyl-snglycero-3-phosphocholine (4-SLPC), intercalates into animal cell bilayers and might thereby perturb the distribution of the sterol. 89 
| Cholesterol oxidase susceptibility
This probe Cholesterol oxidase susceptibility was used to determine the fraction of the sterol in the outer leaflet of the red cell plasma membrane, taking advantage of the lack of intracellular organelles in human erythrocytes. 97 The time courses of oxidation slowly approached plateaus with most of the cholesterol untouched, leading to two conclusions: that the sterol was predominately located in the inner leaflet and that it did not diffuse rapidly across the bilayer. These findings contrast with similar studies where complete oxidation occurred in seconds. 98 This discrepancy presumably relates to the sensitivity of the cholesterol oxidase to buffer composition. In particular, the attack on membrane cholesterol by this type of enzyme is slow and incomplete in physiologic buffers; however, low-ionic strength and the absence of divalent cations allow all the cholesterol to react rapidly. 99 These experimental variables rather than transbilayer sequestration probably account for the limited oxidation of bilayer cholesterol seen in similar studies. 50, 100, 101 In any event, the catalytic rate of cholesterol oxidase is so much slower than the transbilayer diffusion of its substrate that it is not a promising probe of membrane cholesterol sid- 
| A multi-faceted approach
All-atom molecular dynamics simulations and potential of mean force (PMF) calculations were recently used by Courtney et al to predict the disposition of cholesterol in asymmetric phospholipid bilayers. 49 The study suggested that cholesterol partitions symmetrically between the two leaflets of bilayers composed of sphingomyelin containing C16 fatty acids, as expected. Surprisingly, cholesterol favored the inner leaflet of asymmetrical bilayers in which C24 sphingomyelin but not C16 sphingomyelin was confined to the outer leaflet. The mechanism proposed to drive this asymmetry was the extension of the long sphingolipid C24 chains across the mid-plane of the bilayer, penetrating into and interdigitating with the inner leaflet apolar chains so as to create vacancies for the sterol. Such a mechanism had, in fact, been proposed earlier on the basis of molecular dynamics simulations. 102, 103 Given that the C24 species is an abundant type of plasma membrane sphingomyelin, 104,105 these simulations bear directly on the transbilayer asymmetry of cholesterol in plasma membranes.
Courtney et al then tested these predictions using the extraction with methyl-β-cyclodextrin of tracer This novel study raises some interesting questions. The first is the finding that cholesterol flip was arrested for hours at a rigorously maintained 0 C. 49 Similar studies had shown that cholesterol rapidly traverses the red cell membrane bilayer on ice. 34 So the observed lack of transmembrane diffusion at 0 C implies that the temperature dependence of the cholesterol flip rate undergoes a novel and dramatic discontinuity just below ice temperatures. Indeed, the interpretation by Courtney et al requires that flip rates at 0 C be much slower than the cholesterol extraction half time of~180 minutes.
It is possible that the method is accurate but that the distribution of cholesterol across the bilayer is shifted inward at the unphysiological temperature of 0 C. Weighing against this possibility, however, was their observation that the cholesterol asymmetry is only observed when C24 sphingomyelin is present in the outer leaflet.
A separate issue arises from the authors' study of red cells. 49 The mole ratio of cholesterol to total sphingomyelin in these membranes is ]cholesterol have been observed using cholesterol oxidase as a probe, and such kinetics were similarly ascribed to slow transbilayer diffusion. 50, 97 Slow flip rates have also been inferred from time-resolved small angle neutron scattering studies. 112, 113 It is likely that, in some studies, there is actually rapid flip but only a fraction of the total cholesterol is detectable; this would lead to an overestimation of the inner leaflet pool; see. 114 In particular, preparations of synthetic vesicle sometimes contain multivesicular contaminants; this would lead to the slow and limited accessibility of a fraction of their cholesterol at the exposed surface.
| Theoretical studies
Other molecular dynamics simulation studies also support the premise that cholesterol favors the inner leaflet. 41, 115 The mechanism proposed derives from the enrichment of the cytoplasmic leaflet of plasma membrane bilayers with anionic phospholipids. [13] [14] [15] 17 Electrostatic repulsions among their head groups could provide space for the intercalation of sterol molecules. Countering this tendency, however, saturated hydrocarbon chains (more abundant in outer leaflets) were favored by the sterol over unsaturated chains. Another molecular dynamics simulation suggested that cholesterol can be driven toward the cytoplasmic leaflet by the resting dipole potential of the membrane.
116
A recent computational study also concluded that cholesterol partitions~60:40 in favor of the inner leaflet of the plasma membrane bilayer. 42, 47 The proposed mechanism in this case involves the association of the sterol with phosphatidylethanolamine, thought to be located exclusively in the cytoplasmic leaflet of the plasma membrane bilayer. [13] [14] [15] 17 Mechano-chemical energy calculations predicted that the bending energy arising from the spontaneous negative curvature of the cone-shaped phosphatidylethanolamine molecules would be relieved in lamellar bilayers by its association with cholesterol, thereby drawing the sterol to the cytoplasmic leaflet. Interestingly, the model suggests that in bilayers with outer leaflets rich in sphingolipids and inner leaflets rich in phosphatidylethanolamine, the transverse distribution of cholesterol would vary with its abundance, shifting sharply from outside to inside near the physiologic level in the plasma membrane,~40 mol%. Supporting this premise is physical evidence that cholesterol strongly interacts with phosphatidylethanolamine at its physiologic plasma membrane concentration. 95, 117 On the other hand, ergosterol does not. 95 This challenges the premise that the preponderance of DHE (hence, ergosterol) in the cytoplasmic leaflet of yeast plasma membranes is driven by the phosphatidylethanolamine therein, raising the possibility that another mechanism underlies the inferred ergosterol asymmetry in yeast. 118 
| EVIDENCE FOR EVENLY DISTRIBUTED CHOLESTEROL

| Cholesterol exchange
In an early study, influenza virus particles were pre-labeled with 
| Filipin binding
Another early study utilized a stopped-flow fluorometric analysis of the rapid binding kinetics of filipin to the cholesterol in red blood cell membranes to ascertain its transbilayer distribution. 119 The kinetics were well behaved and suggested that twice as much cholesterol was accessible in unsealed ghosts, where the probe has access to both leaflets, as in sealed ghosts, sealed inside-out or right-side-out vesicles therefrom. The authors concluded that cholesterol was equally abundant in the two membrane surfaces. It seems unlikely that the trace level of filipin that was employed perturbed the cholesterol distribution or membrane organization during their 50 milliseconds time courses. A later study showed that one species of mycoplasma also had a symmetrical transmembrane cholesterol distribution while, in another species, about two-thirds of the membrane cholesterol was ascribed to the outer leaflet. 120 These values varied somewhat with growth and experimental design, again raising the possibility that the transbilayer asymmetry of sterols is conditional rather than fixed.
| A bilayer couple titration
Differences in the surface area of the two leaflets of a lipid bilayer of 1% or less can significantly bend the contour of an extended membrane. [121] [122] [123] [124] That modest increments in red blood cell membrane cholesterol bent its contour outward was interpreted to signify its net excess in the outer leaflet. 125 Consistent with this premise, removing small amounts of cholesterol caused inward membrane curvature; that is, invaginations. 126 Large changes in cholesterol evoked small changes in shape, presumably because the cholesterol distributed rather evenly between the two hemi-membrane through a rapid diffusional equilibrium. lysophosphatidylcholine molecules required to null shape changes caused by cholesterol depletion gave an estimate of the sterol abundance in the outer leaflet. 126 It was concluded that cholesterol favored the outer over the inner leaflet by 51:49 over a range of total membrane cholesterol increments and decrements.
However, as the authors pointed out, the effective cross-sectional areas assumed for these lipid molecules were not definitive. Second-order effects such as bilayer lipid condensation were also not considered. Furthermore, it was not shown conclusively that the lysopho- 
| Molecular dynamics simulations
A recent study of bilayers with a transverse phospholipid asymmetry resembling that of the plasma membrane yielded a nearly symmetrical cholesterol distribution, favoring the outer over the inner leaflet by 54% to 46%. 40 namely, cholesterol is pumped out of the inner leaflet of the plasma membrane by ABCA1 and ABCG1 in the service of a complex signaling pathway that regulates cell growth. 51 It is important for this farreaching hypothesis to be substantiated.
| CONCLUSIONS
Diverse investigations have pointed to a preponderance of ergosterol and cholesterol in the inner leaflet of the plasma membrane. At the very least, this was the unanimous conclusion of multiple studies applying the quenching of DHE in various cellular systems under the assumption that the fluorophore was a faithful mimic of its native counterpart. A rough calculation strengthens this inference. There is good evidence for the assumption that, at least in the human erythrocyte plasma membrane, all of the phosphatidylcholine and sphingomyelin is localized to the outer leaflet, while the other major phospholipid classes are in the inner leaflet. 17 This would mean that the outer leaflet might contain 55% or more of the phospholipids while the inner leaflet species would comprise the other 45% or less. 59, 131 ( The literature values for the plasma membranes of nucleated cells were too diverse to be useful for this calculation.) We do not know the net cross-sectional area of the phospholipids associated with sterols in each of the two leaflets in vivo. However, the bilayer couple hypothesis mandates that the total area in each leaflet be nearly the same in membranes that are not highly curved or under tension. Making those assumptions suggests that the area of the phospholipids in the outer leaflet could well be significantly greater than that in the inner leaflet. This imbalance might then be compensated for by an excess of sterol molecules in the inner leaflet. Indeed, a differential in the overall cross-sectional area of the phospholipid populations in the two leaflets could itself be a driver of transbilayer sterol asymmetry. This possibility invites systematic study. It also adds another concern about the assignment of 90% of plasma membrane cholesterol to the outer leaflet. 51 However, an even stronger argument can be made for an oppos- 
